We review the historical developments leading to the CabibboKobayashi-Maskawa (CKM) quark mixing matrix. Present status of the CKM matrix from direct measurements is summarized, giving also the present profile of the unitarity triangle. CP Violation in the K 0 -K 0 complex and in B-meson decays are discussed in the context of the CKM matrix.
Quark Flavour Mixing
Elementary particles carry many additive attributes (quantum numbers) which are conserved in the strong and electromagnetic interactions. These quantum numbers are called flavours and are used to characterize hadrons (strongly interacting particles). If electromagnetism and strong nuclear forces were the only interactions in nature, there would have been no flavour changing reactions seen in laboratory experiments. However, it has been known since the early days of weak interactions that the neutron is unstable and it decays into a proton by emitting an electron and its associated antineutrino was generally accepted that the Fermi coupling constants in neutron beta decay, G n , and in the muon decay, G µ , were one and the same. However, as the experimental precision improved and theoretical calculations became more sophisticated, by including quantum corrections as well as nucleus-dependent effects in nuclear beta decays, from where most of the information on neutron beta decay comes, it was established that indeed G n = G µ , though the difference is small. Today, thanks to very precise experiments, this difference is known very precisely: G n /G µ = 0.9740 ± 0.001. So, it seemed that experiments on nuclear beta decay and muon decay required not one but two different Fermi coupling constants.
As the particle zoo enlarged, in particular with the discoveries of hadrons which carry a new quantum number called strangeness, it became clear that the decay rates of these newly discovered weakly decaying particles were different. A successful description of the decay widths (a measure of transition rate) of kaons and hyperons (nucleon-like particles with a non-zero strangeness quantum number) required introduction of effective coupling constants which were very different than either G n or G µ . A good example is the decay of a charged kaon, K − , which was found to decay into a neutral pion π 0 , an electron and an electron-anti neutrino, K − → π 0 e − ν e . In this case, the effective Fermi coupling constant was found to have an empirical value of G K /G µ ≃ 0.22. In quark language, this transition is induced by the mutation s → ue − ν e , as the charged kaon has the quark content K − = su in µ-decay G F , the coupling constants in neutron β-decay and the strange hadron decays in the Cabibbo theory are given by G F cos θ C and G F sin θ C , respectively. Here, the Cabibbo angle θ C is the angle between the weak eigenstate and the mass eigenstate of the quarks. A value θ C ≃ 13 degrees describes all data involving weak decays of light hadrons with the same Fermi coupling constant, preserving the universality of weak interactions.
The rates for numerous weak transitions involving light hadrons or leptons are adequately accounted for in the Cabibbo theory in terms of two quantities, G F and θ C . This was a great triumph. However, Cabibbo rotation with three light quarks turned out to cause havoc for so-called flavour-changingneutral-current (FCNC) processes, which in this theory were not in line with their effective measured strengths.
What are these FCNC processes? One example from the Cabibbo epoch characterizes the processes in question. Consider particle-antiparticle mixing involving the neutral kaon (K 0 -K 0 ) complex, in which, through a virtual transition, a K 0 (= sd) meson turns into its charge conjugate antiparticle
. Now, the K 0 meson has the strangeness quantum number S equal to +1. The strangeness quantum number of its conjugate antiparticle K 0 is then S = −1. So, in the virtual K 0 − K 0 transition, the electric charge Q does not change, i.e., in this process ∆Q = 0, but S has changed by two units, i.e., ∆S = 2. Such transitions, and we shall see several counterparts in heavy meson systems, are FCNC processes.
Since the quantum number S is conserved in strong and electromagnetic interactions, the K 0 − K 0 states can not be mixed by these forces. The charged weak force is the only known force which changes flavours, so it must be at work in inducing the K 0 − K 0 mixing. Now, it is known that mixing of two degenerate levels must result in level splitting, introducing mass differences between the mass eigenstates, named K S and K L , being the short-lived and longer-lived of the two mesons. The mass difference 
where d ′ and s ′ are rotated (orthogonal) combinations of the d and s quarks which can be described in terms of the Cabibbo angle θ C as:
The GIM construction of the charge-changing weak current, involving four quark flavours (u, d, s, c), removed the leading contribution to the K L -K S mass difference. Quantum (loop) effects, such as the ones shown in the box diagram of Fig. 1 , with the contribution of the u and c quarks in the intermediate states, give nonzero contributions to the K 0 − K 0 mass difference.
The result of the box diagrams can be written as (here m µ is the mass of the muon) We now know that there are not four but six quarks. The charged weak currents then would involve linear combinations of these quarks. We leave the discussion of flavour mixing in the six quark theory to a subsequent section and discuss first another development in kaon decays which had a profound effect on the theoretical developments, namely CP violation.
CP Violation in the
For every elementary particle, there is a corresponding antiparticle. However, a particle and its antiparticle do not always behave in the same way.
For example, in the process π + → µ + + ν, in which a positively charged pion decays into a positively charged muon and a neutrino, the muon emerges with its spin vector antiparallel to its momentum. By contrast, in the process π − → µ − + ν, in which every particle in the previous decay has been replaced by its antiparticle, the muon emerges with its spin parallel to its momentum. This difference between the two processes shows that the world is not invariant under charge conjugation C, which replaces every particle by its antiparticle. However, one may wonder whether the world is nevertheless unaltered by matter-antimatter interchange in the sense that it is invariant under charge conjugation combined with a parity (space) reflection P. Under P , particle spins do not change, but their momenta are reversed. Thus, the CP-mirror image of the process π + → µ + (spin antiparallel to momentum) + ν is π − → µ − (spin parallel to momentum) + ν. Experimentally, the rates for these two processes are equal. Thus, CP invariance holds for π → µν.
However, it has been discovered that CP does not hold everywhere. There are, as already noted, two neutral K mesons, the short-lived K S (decaying mainly into two pions) and the longer-lived K L (decaying mainly into πeν,πµν, or three pions). If CP invariance held, K S and K L would each be its own CP-mirror image. Thus, the CP-mirror image of the decay
would be the decay K L → π + e − ν, with all the momenta in the first decay reversed. If we ask about the rates for these two decays integrated over all possible directions of the outgoing particles, the momentum reversals become irrelevant, and CP invariance would require that the two rates be equal. However, these rates differ by 0.3%. Thus, the world is noninvariant, not only under C, but under CP as well. Noninvariance under the symmetry operation CP is accompanied by nonconservation of the associated CP quantum number, and the first observation that either of these phenomena occurred was the discovery in 1964 that the CP quantum number is not conserved in the decays of neutral K mesons to pairs of pions. The CP quantum number of a system, referred to as its CP parity, can be either +1 or −1. If CP were conserved, K S and K L would be CP eigenstates with opposite CP parity. The CP parity of the pion pair π + π − (the dominant decay of the K s ) is even. However, in 1964 it was discovered by J. Christenson, James
Cronin, Val Fitch, and René Turlay that the process K L → π + π − also occurs. That is, both K S and K L , one of which would have CP = −1 if CP were conserved, decay to π + π − , which has CP = +1. Thus CP is not conserved in neutral K meson decays, although the observed nonconservation is small: the ratio of the CP-violating amplitude to the CP-conserving one, So far, the results are inconclusive. One experiment finds that the quantity "ǫ ′ K /ǫ K ," whose nonvanishing would signal that the decay amplitudes violate CP, is (23.0 ± 6.2) × 10 −4 , but another finds that it is (7.4 ± 5.9) × 10 −4 , consistent with zero. The experiments continue.
Regardless of the value of ǫ ′ K /ǫ K , the fact that nature violates CP invariance and CP conservation has been established. What is the origin of this CP violation? In addressing this question, we note that, as remarked earlier, CP-violating effects have thus far been observed only in the decays of neutral K mesons. These decays are known to be due to the weak interaction. Thus, it is natural to ask whether CP violation is also due to the weak interaction, rather than to some so-far unknown, mysterious force.
Among the discrete symmetries C, CP, T, and CPT, the CPT symmetry is considered to be exact as it follows from fundamental principles underlying all field theories, namely positivity of the norm and locality (a particle is represented by a local field). Lately, the invariance of natural laws under CPT has been put in question in the context of the superstring theories of particle physics, in which the particles are described by extended objects in space-time, such as a string, lifting the assumption of locality (point-like nature) ascribed to the particles in field theories (see Chapter Ross). However, even if CPT invariance should prove to be broken in superstring theory, the effects on the flavour physics being discussed in this Chapter would very likely be negligible. Therefore, in what follows, we shall assume that CPT holds exactly. The CPT-invariance principle has a number of implications, such as the equality of the masses and of the lifetimes of a particle and its antiparticle. The best limit on CPT violation stems from the upper limit of the ratio of mass difference to the mass, m(
If CP violation is indeed produced by the known weak interaction de-scribed by the Standard Model, then it is caused by complex phase factors in the quark mixing matrix. How these complex phases produce physical CP-violating effects will be explained shortly.
3 The Cabibbo-Kobayashi-Maskawa Matrix The answers follow if the two-dimensional rotation of Eq. (2) is now replaced by a three-dimensional one, where the W -emitting weak current takes the form
Here V is a 3 × 3 matrix in the quark flavour space and can be symbolically written as:
Thus, in this case the weak (interaction) eigenstate 
Present status of the CKM Matrix
The magnitudes of all nine elements of the CKM matrix have now been measured in weak decays of the relevant quarks, and in some cases in deep inelastic neutrino nucleon scattering. The precision on these matrix elements varies for each entry, reflecting both the present experimental limitations but often also theoretical uncertainties associated with the imprecise knowledge of the hadronic quantities required for the analysis of data. In most cases, the decaying particle is a hadron and not a quark and one has to develop a prescription for transcribing the simple quark language to that involving hadrons. Here, the theory of strong interactions, Quantum Chromodynamics 
The following comments about the entries are in order:
(1) |V ud |: This is based on comparing nuclear beta decays (A, Z) → (A, Z + 1) + e − + ν e that proceed through a conserved vector current to muon decay µ − → ν µ e − ν e . In the three-quark Cabibbo theory, this matrix element was identified with cos θ C .
(2) |V us |: This is based on the analyses of the decays K + → π 0 ℓ + ν ℓ and Model the transition rate is dominated by the top quark.
(9) |V tb |: From the production and decay of the top quark in the process pp → tt + X followed by the decay t → b + W + .
One sees that present knowledge of the matrix elements in the third row of the CKM matrix involving the top quark in eq. (6), but also of the matrix elements V cs , V cd and V ub is still rather imprecise. A check of the unitarity of the CKM matrix from the entries in eq. (6) makes this quantitatively clear. Unitarity requires, among other things, that the absolute squares of the elements in any row of the CKM matrix add up to unity. We have at present
This shows that except for the first row, the information on the unitarity of the CKM matrix is very imprecise. However, all data, within errors, are consistent with the CKM matrix being unitary.
Unitarity Triangles
The unitarity of the CKM matrix also requires that any pair of rows or any pair of columns of this matrix be orthogonal. This leads to six orthogonality conditions. These can be depicted as triangles in the complex plane of the CKM parameter space. The constraint stemming from the orthogonality condition on the first and third column of V ,
is at the centre of contemporary theoretical and experimental attention.
Since present measurements are consistent with V ud ≃ 1, V tb ≃ 1 and V cd ≃ −λ, where λ = sin θ C , the unitarity relation (8) simplifies to:
which can be conveniently depicted as a triangle relation in the complex plane, as shown in Fig. 2 . In drawing this triangle, we have used a representation of the CKM matrix due to Wolfenstein, characterized by four constants A, λ, ρ and η. We have also rescaled the sides of the triangle by in various B decays. By measuring both the sides and the angles, the UT will be overconstrained, which is one of the principal goals of the current and forthcoming experiments in flavour physics.
In the Wolfenstein representation,
A profile of the UT based on our present knowledge of the CKM matrix is now given from which the CP-violating asymmetries which will be measured in forthcoming experiments in B Physics can be estimated. For this, the present experimental input can be summarized as follows: 
CP Violation in B Decays
The paramount interest in B physics lies in that it will test the CKM paradigm of CP violation in flavour-changing weak interactions. The B mesons can decay in many different ways, and a large number of their decay modes are potentially interesting from the point of view of observable CP-violating effects. In some of the decay modes, these effects can yield clean information, free of theoretical uncertainties, on the angles in the unitarity triangle of Fig. 2 . Since these angles are just the relative phases of various combinations of CKM elements, the clean information on the angles will stringently test the hypothesis that CKM phases cause CP violation. as B 0 ) → f CP will differ, and consequently the rates for these two decays will differ as well. Since the two decays are CP-mirror-image processes, the difference between their rates is a violation of CP.
Since the rates Γ[B born as
nontrivially on the time t that the B lives before decaying, experiments will study the time-dependent CP-violating asymmetry
When the unmixed B decays, B 0 → f CP and B 0 → f CP , are each dominated by one diagram, a f CP (t) is given by the simple expression
Here, η f CP = ±1 is the CP parity of the final state, ∆M is the mass difference between the two mass eigenstates of the B 0 − B 0 system, and φ f CP is the phase of a certain product of CKM elements. Namely, φ f CP is the relative phase of the product of CKM elements to which the amplitude for s system, the analogous splitting ∆M s will no doubt eventually be determined as well. Thus, the ∆M in Eq. (13) for the CP asymmetry may be assumed known. For any chosen final state, the CP parity η f CP is also known.
Thus, we see from Eq. (13) that once the asymmetry a f CP (t) is measured, sin(φ f CP ) is cleanly determined, with no theoretical uncertainties. This makes it possible to cleanly test whether complex phases of CKM matrix elements are indeed the origin of CP violation.
As an example, suppose f CP is J/ψK S . In the decays (B born as 
The actual asymmetries in the partial rates are expected to be quite large in some of these decays, which will make them easier to measure in the next round of B physics experiments.
Additional decay modes which appear to be promising places to study CP violation include B ± → π ± K, (B born as Likewise, several planned and ongoing experiments in K physics will measure rare decays such as K L → π 0 νν and K ± → π ± νν, and the CP-violating ratio ǫ ′ K /ǫ K . These important K-system measurements will complement the B-system experiments, and will help us to determine the properties of the unitarity triangle and to explore the origin of CP violation.
Concluding remarks
The elegant synthesis of seemingly diverse, and in their effective strengths widely differing, empirical observations involving weak interactions in terms of a universal constant G F and a 3 × 3 unitary matrix is one of the great simplifications in elementary particle physics. All data on weak interactions can at present be analyzed and understood in terms of a few universal constants, and the consistency of the picture is indeed remarkable. With improved theoretical and experimental precision, this consistency will provide in the future one of the most promising search strategies for finding physics beyond the six quark Standard Model of particle physics. A good candidate in that context is supersymmetry which may contribute to many of the FCNC processes discussed here but whose anticipated effects are quite subtle and their detection would require high precision data (see Chapter Ross). Bibliography:
